ABSTRACT. Farming practices can have a large impact on the net emission of greenhouse gases, including carbon dioxide (CO 2 )
result, quantifying and reducing N 2 O emissions is necessary to reduce overall emissions of GHGs from agriculture.
Multiple sources emit N 2 O on dairy farms. This gas is primarily produced through nitrification and denitrification processes in nitrogen (N) containing substances such as soil and manure, where both aerobic and anaerobic conditions can exist. The major contributor is normally the denitrification process under anaerobic conditions, but nitrification under aerobic conditions may also contribute. The rate of formation and emission of N 2 O varies through time with changes in the porosity, moisture content, temperature, and N content of the soil or manure substrate.
A review of agricultural emission data shows that the majority of the N 2 O is emitted from soil, followed by manure storages, with relatively small amounts emitted from other manure sources (Chianese et al., 2009c; EPA, 2008) . Therefore, important strategies for reducing N 2 O emissions include cropping systems that improve N utilization and the use of manure storage practices that reduce the formation of N 2 O. As steps are taken to evaluate and reduce GHG emissions from dairy farms, tools are needed to quantify net emissions from whole-farm systems. Considering the many processes throughout the farm that affect emissions, a comprehensive and farm-specific evaluation is needed.
Computer simulation provides a cost-effective method of estimating gaseous emissions from farms and evaluating how management affects these emissions. The Integrated Farm T System Model (IFSM; USDA-ARS, University Park, Pa.) is a process-based, whole-farm simulation model including major components for soil, crop growth, field operations, feed storage, feeding, herd production, manure handling, and economics (Rotz et al., 2009) . IFSM predicts the effect of management scenarios on farm profitability and environmental pollutants such as nitrate leaching, ammonia volatilization, and phosphorus (P) runoff.
The overall goal was to develop a tool for quantifying net GHG emissions from dairy farms and evaluating the impact of management practices on these emissions. To accomplish this goal, a module was incorporated into IFSM to simulate N 2 O emissions from the various sources on dairy farms. Specific objectives were to: (1) review published models that simulate N 2 O emissions from farm sources, (2) identify models that best fit our requirements, (3) adapt those models for use in IFSM, (4) verify that the models gave reasonable predictions, and (5) illustrate the use of this tool in predicting management effects on whole-farm emissions. The N 2 O module was developed along with modules simulating CO 2 (Chianese et al., 2009a) and methane (CH 4 ; Chianese et al., 2009b) emissions to predict the net farm emission of GHGs.
MODEL DEVELOPMENT
The Integrated Farm System Model is a simulation model that integrates the major biological and physical processes of a dairy, beef, or crop farm (Rotz et al., 2009) . Crop production, feed use, and the return of manure nutrients back to the land are simulated over each of 25 years of weather. Growth and development of alfalfa, grass, corn, soybean, and small grain crops are predicted based on daily soil and weather conditions. Tillage, planting, harvest, storage, and feeding operations are simulated to predict resource use, timeliness of operations, crop losses, and nutritive changes in feeds. Feed allocation and animal response are related to the nutritive value of available feeds and the nutrient requirements of the animal groups making up the herd. The quantity and nutrient content of the manure produced is a function of the quantity and nutrient content of the feeds consumed. Nutrient flows through the farm are modeled to predict potential nutrient accumulation in the soil and loss to the environment. Environmental impacts include N volatilization from manure sources, soil denitrification and leaching losses, erosion of sediment, and sediment-bound and soluble P losses in runoff. Whole-farm mass balances of N, P, and potassium are determined as the sum of all nutrient imports in feed, fertilizer, deposition, and legume fixation minus the exports in milk, excess feed, animals, manure, and losses leaving the farm. Simulated performance is then used to determine production costs, incomes, and economic return for the farm production system.
To include N 2 O emission in the farm model, modules were needed to predict emissions from soil and manure sources. The major farm source of N 2 O is that emitted from the soil during crop production (Chianese et al., 2009c) . For this important source, models have been published that predict emissions. To create our module, relationships were selected from these models that best fit our needs for whole-farm simulation. Criteria used to evaluate potential models were: 1. The model had to be capable of simulating important processes that affect N 2 O emissions with changes in farm management. Strategies to reduce N 2 O emissions from dairy farms can include changing the cropping system; altering manure storage, handling, and application methods; or changing tillage practices (Chianese et al., 2009c) . In order to analyze how these practices affect emissions, the model had to account for the factors affected by these strategies (e.g., manure characteristics, storage type, application procedures, and fertilizer use).
2. The model had to provide a process-level representation of emission components. Several published models, as well as the IPCC, predict N 2 O emissions from farms using emission factors (e.g., Olesen et al., 2006) . While these factors are useful as simple tools, they cannot represent reduction strategies that affect N 2 O emissions. For example, Olesen et al. (2006) predicted N 2 O emissions from croplands by assuming that 1.25% of all N applied was emitted as N 2 O. This approach only accounts for the effect of reducing or increasing the total amount of N applied; it does not account for changing the timing or method of application (e.g., does the application coincide with a rain event). As a result, our goal was to select physical-and process-based relationships rather than emission factors.
3. The model had to satisfactorily predict observed data over a full range of potential conditions. A primary goal of models is to represent observed data. The chosen relationships had to predict N 2 O emissions similar to observed data or expected outcomes over the range in soil conditions found on farms, i.e., the range in moisture content, porosity, temperature, and N content experienced in the soil substrate. 4. The model had to be consistent with the current scale of other components in IFSM. The intent of IFSM is to simulate realistic management scenarios that can be implemented on farms. The characteristics of these scenarios are at the field or farm level (e.g., animal diets, sequence of machinery operations, and manure storage duration). Subsequently, IFSM simulates processes, normally on a daily time step, according to the assumed farm characteristics. As a result, selected relationships, as well as associated inputs and parameters, had to function well at the field or farm level as opposed to different scales (e.g., microbiological or watershed).
5. Model inputs and parameters were limited to readily available data. Some of the more mechanistic models accurately predict emissions; however, these models typically require many inputs and parameters. The required values are often the result of calibrating the model against observed data, are difficult to obtain, or have little physical or biological basis. The uncertainty added by assuming values for these parameters can outweigh the benefit of using a highly mechanistic model. In contrast, the majority of parameters and inputs in IFSM are not calibration parameters, are easily obtained through on-farm observation, and correspond to characteristics of the farm. Thus, our final criterion was that input and parameter values were easily obtained within, or consistent with, the current structure of IFSM.
For the relatively minor emission sources of manure on the barn floor and in storage, published models were not available. In these cases, simpler models or emission factors were used. This simpler approach was justified given their lesser contribution to whole-farm emissions and the lack of process-based relationships. 
CROPLAND EMISSIONS
Emissions from croplands are the largest source of N 2 O emitted from dairy farms (EIA, 2006; Chianese et al., 2009c) . Although undisturbed soils emit N 2 O naturally, the rate of emission from cultivated soils is much greater because of the greater N inputs on farmland. Two pathways can lead to emissions of N 2 O: denitrification and nitrification. Denitrification is the microbial reduction of NO 3 to N 2 under anaerobic conditions, with the production of NO and N 2 O as intermediates ( fig. 1) .
Historically, denitrification was believed to be the primary source of N 2 O emissions; however, scientists have established that nitrification also contributes to emissions (Sahrawat and Keeney, 1986) . Nitrification is an aerobic process that oxidizes NH 4 + to NO 3 , with the production of NO and N 2 O as intermediates ( fig. 1 ).
The emission of N 2 O is thus dependent on both denitrification and nitrification. A conceptual model published by Davidson et al. (2000) described how denitrification and nitrification were connected ( fig. 2) . This model, known as the "hole-in-the-pipe" (HIP) model, connected the two pathways and thus linked the emission of NO and N 2 O (Davidson et al., 2000) .
Both mechanistic and empirical equations have been used to predict N 2 O emissions from soils, and reviews of both categories of models have been published (e.g., Heinen, 2006) . We considered five models for potential use in IFSM (table 1): one highly mechanistic model (DNDC by Li et al., 1992) and four other models with less mechanistic detail by Olesen et al. (2006) , Bouwman et al. (2002) , Li et al. (2007), and Del Grosso et al. (2000) . Although others exist, these five represented the primary models used to simulate soil emissions of N 2 O. Among the available models, DAYCENT was found to best meet our criteria for integration with IFSM. The models by Olesen et al. (2006) and Bouwman et al. (2002) were too simple to adequately represent management affects on N 2 O formation and emission. The water and N management model (WNMM) by Li et al. (2007) was recently developed, and, as such, there were fewer application and evaluation studies of this model. The only published applications of WNMM were simulations of soils in China. The mechanistic detail of DNDC (Li et al., 1992) required many parameters and the validation of assumed values for certain parameters. These data were not available in IFSM, nor were they easily obtained for the wide range of agricultural practices required. As such, the uncertainty added by assuming parameter values outweighed the benefits of using this detailed model.
The DAYCENT model satisfied all five criteria for our application in IFSM. The model was process-based, accounting for how management affects the moisture content, pH, nitrate concentration, and ammonium concentration in the soil. DAYCENT has been widely used to simulate emissions from U.S. soils and has been found to appropriately represent N 2 O emissions (e.g., Del Grosso et al., 2006) . Comparisons with observed data have shown that the gas module more accurately predicts observed data (r 2 = 0.74) as compared to the IPCC methodology (Del Grosso et al., 2005) . In addition, Li et al. (2005) observed that DAYCENT's gas module follows the trend of observed data, although emission peaks may be offset by one day. Finally, important model parameters were Process simulation Simulates water dynamics, crop growth, the C and N cycles, and land management. N 2 O is emitted as a set fraction of both nitrification and denitrification. Recent model that has not received as widespread application as some others, such as DAYCENT and DNDC.
DAYCENT, Del Grosso et al., Parton et al., 2001 Process simulation Simulates emission as affected by moisture content, pH, nitrate concentration, and ammonium concentration in the soil. Model has been used to simulate N 2 O emissions for a variety of different applications. Important model parameters are provided in the documentation, and remaining inputs are readily available in IFSM.
DNDC, Li et al., 1992 Li et al., , 2000 Detailed process simulation
Simulates denitrification based on biochemical reaction kinetics as a function of the growth rate of denitrifiers. The production of N 2 O from denitrification is then calculated as a mass balance between production and consumption as affected by gas diffusion out of the soil. Nitrification is simulated as a function of the concentration of ammonium in the soil, the biomass of nitrifiers, and soil pH. The mechanistic detail of DNDC required many parameters not available in IFSM, nor readily available for a wide range of agricultural practices.
provided in the documentation, and remaining inputs were readily available in IFSM. Detailed documentation of the N 2 O module of DAYCENT can be found in Del Grosso et al. (2000) and Parton et al. (2001) . The following provides a brief description of the model, parameter selection, and integration with IFSM. Emission of N 2 O from soils is predicted as the sum of nitrification and denitrification losses:
where E N2O,soil is the total emission of N 2 O from soils (kg N 2 O ha -1 day -1 ), E N2O,soil,N is the emission from soils due to nitrification (kg N 2 O ha -1 day -1 ), and E N2O,soil,D is the emission from soils due to denitrification (kg N 2 O ha -1 day -1 ). Emission of N 2 O from nitrification is predicted as:
where K 2 is the fraction of nitrified N lost as N 2 O flux (g N g -1 N), R NO3 is the soil nitrification rate (g N m -2 day -1 ), and
They also provided a model to calculate R NO3 , the soil nitrification rate. However, a set of functions in IFSM was already used to model soil nitrification (Rotz et al., 2009) , so this rate was used rather than the method provided in Parton et al. (2001) . Emission of N 2 O due to denitrification is predicted as:
where E N2O,soil is the emission of N 2 O from soil (kg N 2 O ha -1 day -1 ), F d,NO3 is a factor for the effect of soil nitrate concentration (mg N g -1 soil day -1 ), F d,CO2 is a factor for the effect of soil respiration (mg N g -1 soil day -1 ), F d,WFPS is a factor for the effect of soil moisture (dimensionless), R Nratio is the ratio of N 2 to N 2 O emission (mg N mg -1 N), ρ soil is the bulk density of the soil (g cm -3 ), d soil is the active soil depth (17 cm), and F N,mass is a unit conversion factor [0.157 (kg
The effects of soil nitrate and CO 2 flux on denitrification are predicted by empirical equations, as described by Parton et al. (2001) . The effect of soil nitrate on the N 2 O flux due to denitrification, F d,NO3 , is calculated as:
where N NO3 is the nitrate concentration in the soil (mg N g -1 soil). The effect of soil respiration on the N 2 O flux due to denitrification, F d,CO2 , is determined as:
where C CO2 is the soil CO 2 flux (mg C g -1 soil). The model of Parton et al. (2001) assumes that denitrification does not occur at soil moistures below approximately 55%. Above 55%, denitrification increases exponentially and asymptotically approaches a maximum as soils approach saturation. This effect is predicted as:
where w wfps is the water-filled pore space (%), a is a factor controlling the soil moisture content at which denitrification is assumed to be half of the maximum rate, and the arctangent term is in radians. Parameter a is calculated as:
where M is a multiplier function representing the magnitude of the interaction between soil moisture and respiration (dimensionless), and D fc is a gas diffusivity coefficient (dimensionless). Multiple models have been suggested to calculate D fc , the ratio of gas diffusivity in the soil to gas diffusivity in the air (Hillel, 1998) . A relationship developed by Millington (1959) was selected:
where f a is the air-filled porosity (cm 3 cm -3 ), and f is the total porosity (cm 3 cm -3 ). This relationship is a simplified version of that used in DAYCENT. Although the relationship used in DAYCENT was shown to be more accurate (Potter et al., 1996) , equation 9 was more easily parameterized and integrated into IFSM, and it provided an adequate representation of this process applied at the farm scale.
From DAYCENT, the ratio of N 2 to N 2 O, R Nratio , is predicted as:
where F r,NC is a measure of the ratio of electron donor (NO 3 ) to substrate (CO 2 ) (dimensionless), and F r,WFPS is a function accounting for the effect of soil moisture on the relative emissions of N 2 and N 2 O (dimensionless). DAYCENT utilizes empirical equations to model F r,NC and F r,WFPS . The effect of the ratio of NO 3 to CO 2 is predicted as:
where K 1 is the intercept of F r,NC (dimensionless), and r is the ratio N NO3 to C CO2 (g N g -1 C). The effect of soil moisture is predicted as:
To implement the above equations, seven inputs were needed: soil nitrification rate, soil bulk density, nitrate concentration in each soil layer, CO 2 flux, water-filled pore space, air-filled pore space, and total porosity. The soil N cycle was already simulated in prior versions of IFSM, so the soil nitrification rate and nitrate concentrations were available (Rotz et al., 2009) . Specific soil properties, including bulk density, were available through the soil characteristics input of IFSM, with water-filled pore space and total porosity calculated using these user-defined soil properties (Rotz et al., 2009 ). Air-filled pore space was calculated from water-filled pore space and total porosity. Soil CO 2 flux was available from the carbon module within IFSM (Chianese et al., 2009a) .
MANURE STORAGE
Nitrous oxide emissions from stored slurry or liquid manure were predicted as a function of the exposed surface area of the manure storage. A proven process-based model was not available to represent this emission source, so a simpler approach was used. For an uncovered slurry storage tank, an emission factor determined by Olesen et al. (2006) was used to predict N 2 O emissions:
where E N2O,manure is the emission of N 2 O from slurry storage (kg N 2 O day -1 ), E F,N2O,man is the emission rate of N 2 O (0.8 g N 2 O m -2 day -1 ), and A storage is the exposed surface area of the manure storage (m 2 ). This relatively simple model was justified given the lack of available information to support a more complex model and because the N 2 O emission from this type of manure storage is typically a relatively small portion of the whole-farm emission (Olesen et al., 2006; Chianese et al., 2009c) . The average emission rate of 0.8 g N 2 O m -2 day -1 is applicable to bottom-loaded, uncovered slurry storage tanks where a natural crust forms on the manure surface. However, some dairy farms utilize plastic covers to reduce gaseous emissions from storages. Due to the lack of available data, we were not able to quantify the differences between N 2 O emissions from covered and uncovered storages. Therefore, to simulate covered storages, we assumed that various gaseous emissions were reduced by the same proportion when using a cover. Because IFSM currently modeled the reduction in ammonia emissions with a cover (Rotz and Oenema, 2006) , we used ammonia as the gas for comparison. IFSM was used to simulate ammonia emissions with and without a cover, and an 80% reduction was found using the cover. Therefore, the uncovered emission factor was reduced by 80%, giving a rate of 0.16 g N 2 O m -2 day -1 for covered manure storages.
Manure is sometimes added to the surface of the manure storage each day, which prevents the formation of the natural crust. Without this natural crust, no N 2 O is formed and emitted (Külling et al., 2003; Sneath et al., 2006) . Therefore when a top-loaded slurry storage unit, an enclosed tank, or any other strategy was used that prevented formation of the natural crust, an emission rate of zero was used.
BARN EMISSIONS
Manure on floors of housing facilities can be a small source of N 2 O emissions. No published data or models were found to represent this source in free-stall barns where floors are scrapped daily. Emissions data measured from barn floors of this type at the Penn State dairy facility showed that N 2 O emissions from this source were not significantly different from ambient background levels (E. Wheeler, unpublished data, 2008, The Pennsylvania State University, University Park, Pa.). Therefore, N 2 O emissions from free-stall barn floors were set to zero. Housing facilities using bedded pack and drylot handling of manure are more likely to emit N 2 O (IPCC, 2006b), but these systems were not included in this version of the model.
MODEL EVALUATION
The new components added to the farm model to simulate N 2 O emissions were evaluated in five ways. First, predicted emissions from the cropland component of the N 2 O module were compared to measured emissions. Second, the effect of N 2 O emissions from cropland resulting from changes in soil characteristics was compared to that of the original DAYCENT model. Third, long-term average simulated N 2 O emissions were compared to typical emissions previously summarized from published studies for a representative dairy farm in Pennsylvania. Fourth, the sensitivity of predicted N 2 O and GHG emissions to changes in soil and manure storage characteristics was evaluated. Finally, the uncertainty of model predictions was accessed.
COMPARISON TO OBSERVED CROPPING PRACTICES
Many studies have documented N 2 O emissions from agricultural fields in various countries (Stehfest and Bouwman, 2006) including the U.S. (Chianese et al., 2009c) . However, the studies that have quantified emissions from specific crops often have not provided the necessary input information required to simulate scenarios in IFSM. Two studies were selected to evaluate IFSM's ability to predict observed emissions from cropland. These studies represented typical emissions within the ranges reported by Chianese et al. (2009c) that included the most important soil and crop information required to simulate the study with IFSM and that were not a source of data for the development of relationships used in the N 2 O module.
The selected studies were for irrigated corn fields in Colorado and corn and alfalfa production in Michigan (Robertson et al., 2000) . In addition to meeting the criteria for individual studies, the corn and alfalfa study was previously simulated with DAYCENT (Del Grosso et al., 2005) . As a result, the data of Robertson et al. (2000) were also used to compare IFSM predictions to DAYCENT predictions.
For the irrigated corn study, fields were continuously cropped with corn that was fertilized with 0, 134, or 202 kg N ha -1 and 56 kg P ha -1 . The soil was a clay loam (44% silt, 36% clay, and 19% sand) with 1.3% organic carbon. Conventional tillage practices were used with all three levels of fertilization. Weekly emission measurements were obtained from April 2002 to April 2003 using flux chambers. Gas samples collected from the chambers were analyzed using a gas chromatograph.
Using the documented crop and soil characteristics, N 2 O emissions were simulated with IFSM using Fort Collins, Colorado, daily weather data for 2002 and 2003. IFSM predicted greater N 2 O emissions for greater fertilization rates, which followed the trend of observed data (table 2). Although IFSM predictions were consistent with the observed emissions, IFSM overpredicted the lowest emission with no N fertilizer application and underpredicted the greatest emission that occurred when 202 kg N ha -1 was applied. This difference indicates that IFSM was less able to predict emissions at either of the extremes. However, this also implies that IFSM is less likely to overpredict N 2 O emissions from farms with greater than average N fertilization rates.
There are two possible explanations for the difference between IFSM predictions and observed data. The first is related to fertilization date. Mosier et al. (2005) specified that the crop was fertilized prior to planting, which was represented in the model inputs. However, the study did not give specific planting and fertilization dates. As a result, dates for planting and fertilization had to be assumed in the simulation. In addition, simulated and actual irrigation dates would differ. As documented below, the N 2 O model is sensitive to the interaction between water-filled pore space and soil respiration. Because water-filled pore space is affected by precipitation and irrigation, emissions are affected by the timing of these events. A second explanation is that the initial soil N level was not specified in the study by Mosier et al. (2005) . Emissions of N 2 O are influenced by the initial concentration of N in the soil at the beginning of the growing season, as well as the amount of N fertilizer applied. An assumption in the model was that the initial soil N in the spring was relatively low and equal across fertilization treatments. This is often found when leaching of moisture during the winter carries nitrate through the soil profile. Greater carryover of soil N due to high fertilizer application the year prior to the start of the study in this dryland cropping strategy may have created higher levels of soil N during the study, thus increasing denitrification loss. Robertson et al. (2000) measured N 2 O emissions from alfalfa and conventionally tilled corn at the Kellogg Biological Station (KBS) Long-Term Ecological Research (LTER) site in southwest Michigan. The main field site consisted of 60 ha divided into 1 ha cropping systems. The predominant soil for the site was Kalamazoo loam, although field characteristics varied. For the IFSM simulation, the soil characteristics assumed were 1.8% organic carbon with 50% silt, 35% clay, and 15% sand. The conventionally tilled corn received conventional chemical inputs, including inorganic fertilizer at 123 kg N ha -1 .
Using the crop and soil characteristics for the site, IFSM was used to simulate the cropping strategies using weather data for Battle Creek, Michigan (1991 to 1999). The predictions from IFSM were similar to the observed data, although IFSM predicted less N 2 O emissions from alfalfa as compared to corn, while the observed data showed the opposite trend (table 3) . From a review of observed emissions (Chianese et al., 2009c) , N-fertilized corn fields were expected to emit more N 2 O as compared to alfalfa fields not receiving N fertilizer. Robertson et al. (2000) reported that emissions from the alfalfa and corn plots were not significantly different. Therefore, IFSM predictions generally agree with the observed data with little difference between emissions from these two fields.
Because DAYCENT has been extensively tested and used to simulate N 2 O emissions and because of the lack of significance between alfalfa and corn emissions, the more important test for this evaluation was whether IFSM predictions were similar to those of DAYCENT (table 3). The slight difference between predictions from IFSM and (2000) also observed this trend using DAYCENT's trace gas subroutine and extended the analysis. They found that there was a significant interaction between water-filled pore space (WFPS) and heterotrophic respiration (CO 2 ) in clay soils, and that this interaction was less significant than the primary effect of WFPS in coarser textured soils (Del Grosso et al., 2000) . Figure 3 shows WFPS and corresponding denitrification loss of N for observed data (circles), along with the best fit lines used by DAYCENT to simulate this interaction (solid lines).
A parameter analysis was performed on soil texture to determine whether the N 2 O module in IFSM reflected this behavior. The analysis of Del Grosso et al. (2000) was replicated using IFSM simulations. Three soil textures were defined as horticultural clay (HC; 27% silt, 47% clay, and 26% sand), pasture clay (PC; 30% silt, 36% clay, and 34% sand), and silty loam (SL; 13% silt, 13% clay, and 74% sand). In addition, the heterotrophic respiration in IFSM was forced to either a high rate (50 mg C g -1 soil) or a low rate (20 mg C g -1 soil), which resulted in six model simulations. The horticultural clay site had a history of wheat and barley production, and both the pasture clay and silty loam sites were moderately grazed.
The same trend was observed in IFSM predictions of N 2 O emission and DAYCENT predictions of denitrification N loss ( fig. 4 compared to fig. 3 ). For clay soils with greater respiration rates, greater emissions were observed at greater WFPS. In addition, lower respiration rates resulted in lower N 2 O emissions regardless of soil texture. For the HC, PC, and SL soils with high respiration, Del Grosso et al. (2000) reported that water was strongly limiting when WFPS was less than 50%, 65%, and 80%, respectively. IFSM results followed this trend, although the inflection points differed from the exact published water contents for the three soils. Although IFSM predicted maximum emissions at different WFPS than published by Del Grosso et al. (2000), the maximum emissions follow the response curves shown in figure 3 .
Similarly, for HC, PC, and SL with low respiration, DAYCENT results show that water strongly limits emissions when WFPS is less than 80%. As shown by the graphs in figure 4 , N 2 O emissions predicted by IFSM followed a similar course.
A difference noted between figures 3 and 4 was that the left edges (i.e., lowest WFPS) of the graphs in figure 4 were much sharper. The graphs in figure 4 were generated by forcing CO 2 emissions to equal either 20 or 50 mg C g -1 soil day -1 , whereas a range of WFPS and CO 2 interactions is shown in figure 3 . Although this analysis does not exactly replicate the analysis in figure 4 , it is useful in quantifying the specific threshold for when WFPS begins to strongly limit N 2 O emissions. A more in-depth analysis varying both the WFPS and the respiration rate would likely yield a more similar threshold for limiting WFPS. For a study in Sweden, Parton et al. (1996) reported a sharp edge similar to those in figure 4 for N 2 O emission from clay and loam soils as a function of WFPS.
REPRESENTATIVE FARM ANALYSIS
As an additional evaluation, simulated annual whole-farm emissions were compared to those previously summarized from prior literature for a representative dairy farm in central Pennsylvania (Chianese et al., 2009c) . Only a brief description of the farm is provided to document those assumptions most relevant to N 2 O production and emission. This representative farm included 100 Holstein cows, 38 heifers over one year in age, and 42 heifers under one year of age. Animals were housed in free-stall barns where manure was removed daily by scraping. They were fed total mixed rations consisting of corn, alfalfa and grass silages, highmoisture corn, and purchased supplemental feeds as required to meet animal nutrient needs. Over the full year, the herd produced 4,400 Mg of manure. The manure was stored in a bottom-loaded open tank (29.3 m diameter) for up to six months and applied to cropland in the spring and fall. The 90Ăha farm area consisted of 20 ha of grass, 20 ha of alfalfa, and 50 ha of corn on a Hagerstown soil with an average clay content of 45%. Crop nutrient requirements were met through manure nutrients generated on the farm plus inorganic N fertilizer applied at rates of 150 and 80 kg N ha -1 on corn and grassland, respectively. IFSM predicted no N 2 O emission from housing, whereas the previously summarized farm data reported 55 kg of N 2 O loss (table 4). The average values obtained from Chianese et al. (2009c) were based on emissions from housing systems including bedded packs and free-stall barns with slatted floors over a manure storage. These facilities are expected to emit more N 2 O as compared to animal facilities where the floor is regularly scraped to remove the manure (Flessa et al., 2002) . The lower emission from our free-stall barns where manure is removed daily explains the difference between the simulated and estimated average emissions from housing.
Simulated emission from the slurry manure storage was 38% greater than that summarized as typical for this representative farm. This difference was well within the range found in previously reported data. A difference of this magnitude can be easily explained by storage tank dimensions. For example, reducing the storage diameter by just 15% (while increasing depth to maintain volume) reduced the simulated annual emission to the previously reported 143 kg of N 2 O.
The simulated annual emission of N 2 O from cropland was a little greater than that previously summarized for this representative farm (table 4). Simulated emissions from individual crops followed the same trend as that estimated Chianese et al. (2009c) . [b] Total emissions were calculated using 183 LU in the herd and 1100 m 3 for average manure in storage with feed produced from 20 ha of grass, 20Ăha of alfalfa, and 50 ha of corn. [c] Emitted from free-stall barn floors.
from the literature, with much lower emissions from grass and alfalfa fields than from corn fields. All simulated emission levels were well within the range of previously reported values from the literature (Chianese et al., 2009c) . The previous data represent a wide range of management practices, N application rates, and soil types. For example, reported annual emission rates from corn land ranged from 0.2 to 22 kg N 2 O ha -1 . As described above, the N 2 O model is sensitive to several factors, and is particularly sensitive to soil clay content. In order to simulate the representative farm in IFSM, soil characteristics were set to reflect conditions found on a typical farm in Pennsylvania. Consequently, these assumptions contribute to any differences in simulated data from those summarized from previously published information.
For the total farm, the simulated average annual N 2 O emission was 24% greater than that previously summarized as typical for a dairy farm of this size and cropping system in this region (Chianese et al., 2009c) . This difference was relatively small compared to the wide range found in previously reported data (Chianese et al., 2009c) . This similarity between prior information and simulation results further supported that the N 2 O module integrated with IFSM predicted reasonable values for dairy farm emissions.
SENSITIVITY ANALYSIS
As a further evaluation of the model, an analysis was done to determine the sensitivity of the predicted total farm N 2 O and GHG emissions to changes in soil characteristics and the manure storage emission factor. A sensitivity index was calculated for each factor where the index was the ratio of the change in predicted emission to a ±10% change in a given input factor (Chianese et al., 2009b) . A value of one indicates that a 10% change in emission occurs with a 10% change in the input factor; a lesser ratio indicates lesser sensitivity, whereas a greater ratio indicates greater sensitivity. Sensitivity indexes indicate the impact if errors are made in assigning farm parameters or the change that can be expected if system changes affect these parameters.
The predicted emission of N 2 O was highly sensitive to the assigned soil bulk density and clay content (table 5) . For these factors, a 10% change created more than a 10% change in the total farm N 2 O emission. Therefore, these values should be carefully assigned to represent the average soil on a simulated farm. The predicted N 2 O emission was moderately sensitive to the amount of water contained in the soil profile each day, the manure storage emission factor, soil carbon content, and the daily soil temperature. A 10% change in these factors caused a 2% to 6% change in predicted emission. The available water holding capacity of the soil and the soil drainage rate had very little effect on N 2 O emission. The effect of these factors on the net farm GHG emission was generally less than half that determined for total N 2 O emission, but the ranking or comparison among factors was similar (table 5) .
MODEL UNCERTAINTY
Any farm-level estimation of GHG emissions will have uncertainty associated with the prediction. It is not possible to make long-term measurements of farm GHG emissions, and if it were done, that too would have uncertainty. To determine the uncertainty in the net farm emission, uncertainties of each of the components must be defined. Statistical quantification of the uncertainty of components of a biological system requires large data sets. Since adequate data are not available, the IPCC (2006a) has chosen to use expert opinion to estimate the uncertainty of their emission factors in predicting GHG emissions. They estimate that their methodologies provide emission factors for N 2 O emission from stored manure and cropland with uncertainties of ±100% or greater (IPCC, 2006a) . Applying models or emission factors for specific conditions may reduce this uncertainty, but the prediction of N 2 O emissions is the most difficult or uncertain of all GHG emissions (IPCC, 2006a) .
The uncertainty estimations of the IPCC provide the best information available for quantifying the uncertainty of predicting farm GHG emissions. Based on our experience in evaluating our model, we believe that the uncertainty in predicting annual N 2 O emissions from manure storage and cropland for representative dairy farms is ±50%. The uncertainties of farm components can be combined where the overall uncertainty is the square root of the sum of the squares of the emission of each component multiplied by its uncertainty (IPCC, 2006a) . Using this procedure, the uncertainty in estimating the total N 2 O emission from the farm is ±38%. Including the uncertainties in predicting CO 2 (Chianese et al., 2009a) and CH 4 (Chianese et al., 2009b) emissions, the uncertainty in the estimated net farm GHG emission is ±13%, with a major portion of this uncertainty attributed to that of predicting N 2 O emissions.
MODEL APPLICATION
Whole-farm simulations were done to illustrate the use of the model for evaluating management strategies to reduce N 2 O emissions. Important factors that effect N 2 O emissions on dairy farms include fertilizer application, cropping system, manure storage type, and soil type. The model was used to simulate the 100-cow representative dairy farm briefly described above, and then management changes were made to simulate changes in N fertilizer application rate, use of a cover crop, a change in manure storage design, and a change in soil type.
Because the nutrient value of manure is difficult to manage, producers may fertilize crops without accounting for manure nutrients or by greatly underestimating their contribution to crop requirements. This was simulated in the base farm (table 6, column 1) by applying inorganic N fertilizer to the corn land to meet the crop's N requirement without accounting for manure N (150 kg N ha -1 ). To use N more efficiently, the inorganic N fertilizer applied to corn land was reduced to 50 kg N ha -1 to allow better use of the manure N. With this change, simulated annual N 2 O emission from crop production decreased by 40 kg with no effect on manure storage emissions. This reduced the total N 2 O emission by 6% with just a 1% decrease in the net GHG emission from the farm (table 6, column 2 vs. 1). Feed production on the farm decreased just slightly because the crop nutrient requirements were satisfactorily met with the manure N. This change had no effect on CH 4 emission (Chianese et al., 2009b) . With slightly lower crop productivity (less difference between photosynthetic capture and respiration loss), there was a small increase in net CO 2 emission (Chianese et al., 2009a) . The overall impact on net GHG emission was an annual decrease of 8 Mg CO 2 e.
To further improve N use efficiency, a change in the cropping system was evaluated. An annual rye crop was used to absorb nutrients and maintain soil cover over the winter months. This was simulated by planting rye immediately following corn harvest. Fall growth absorbed soil N, which was carried through the winter in plant biomass. Prior to spring tillage and planting, the rye was killed with a herbicide treatment. Decomposing residue then released the crop N for use by the following crop (Rotz et al., 2009 ). This management change caused just a slight reduction in crop yields and feed production (table 6, column 3 vs. 2). The transfer of soil N to crop N provided a 50% reduction in cropland emission of N 2 O. Whole-farm emission of N 2 O was reduced 34% with essentially no effect on CH 4 and a small increase in CO 2 emission. The overall result was a 7% reduction in the global warming potential of net farm GHG emissions. Compared to the base farm, the combination of using less N fertilizer and incorporating a cover crop reduced net farm GHG emission by 8% (table 6, column 3 vs. 1).
Manure can be loaded onto the surface or pumped into the bottom of storage tanks. When slurry manure is loaded into the bottom of the tank, a natural crust can form on the surface. This crust reduces the emission of some gases such as ammonia (Rotz and Oenema, 2006) and CH 4 , but nitrification and denitrification processes occur in this crust, causing N 2 O emission. With top loading, more mixing occurs, a crust does not form, and N 2 O emission is minimal (Külling et al., 2003; Sneath et al., 2006) . Therefore, simulation of the representative farm with a top-loaded Table 6 . Annual production and greenhouse gas emissions for a simulated representative dairy farm in central Pennsylvania and the effect of adding three strategies for reducing N 2 O emissions.
Base Farm [a] With More Efficient Use of Nitrogen Fertilizer [b] Plus Use of Mulch Cover Crop on Corn Land [c] Plus Use of Top-Loaded Manure Storage [d] Plus Change to a Loam Soil [e] Feed production and use (Mg DM)  Harvested forage  523  522  521  522  516  Harvested grain  163  161  161  158  194  Purchased feed  199  201  202  204  172  Total herd feed use  885  884  884  884 [a] 100 Holstein cows producing 9,000 kg per cow of milk plus 80 replacement heifers housed year round in free-stall barns with feed produced from 50 ha of corn, 20 ha of perennial grassland, and 20 ha of alfalfa. Inorganic nitrogen fertilizer is applied to corn land ignoring manure nutrients, which adds an additional 100 kg N ha-1 of corn. [b] Inorganic fertilizer applied to corn land is reduced by 100 kg N ha-1 to fully utilize the applied manure nitrogen. [c] Same as [b] plus an annual rye cover crop is planted after corn harvest and killed in the spring before planting. [d] Same as [c] plus manure is loaded each day to the top of the storage preventing a surface crust from forming.
[e] Same as [d] plus farm land is switched from a clay loam soil (45% clay, 45% silt, 10% sand) to a loam soil (10% clay, 70% silt, 20% sand).
[f] Total CO 2 -equivalent greenhouse gas emission considering the global warming potential of CH 4 and N 2 O to be 25 and 298 times that of CO 2 , respectively. manure storage eliminated storage emission of N 2 O (table 6, column 4). However, ammonia emission increased (Rotz and Oenema, 2006) , which increased N loss from the manure recycled back to the cropland. The loss of N caused a small decrease in crop yield and the resulting feed produced; this required a small increase in purchased feed to maintain the herd (table 6, column 4 vs. 3). The removal of the crust caused an increase in CH 4 emission (Chianese et al., 2009b ) with little effect on CO 2 emission from the storage (Chianese et al., 2009a) . The net effect was a 50% reduction in total N 2 O emission with little effect on the global warming potential for the net emission of all GHGs from the farm. Compared to the base farm, the use of the top-loading manure storage, along with the cover crop and less N fertilizer, reduced the total farm emission of N 2 O by 69% and net farm GHG emission by 8% (table 6, column 4 vs. 1).
As a final analysis, the farm was switched from a clay loam soil to a loam with relatively low clay content (10%). As illustrated in the sensitivity analysis, N 2 O emissions from cropland are very sensitive to the clay content of the soil. This is not necessarily a management option available to individual producers, but it further illustrates the usefulness of the model. The loam soil increased crop productivity, which increased the feed produced on the farm and reduced purchased feed (table 6, column 5 vs. 4). The lower clay soil reduced the N 2 O emission from cropland (and the total farm) by 60%. This provided a further reduction in the net GHG emission from the farm of 10%. Compared to the base farm, the combination of all four strategic changes reduced the net GHG emission from the farm by 17% (table 6, column 5 vs. 1).
CONCLUSIONS
A module simulating N 2 O production and emissions from cropland, slurry manure storage, and barn floors was developed from previously published relationships and experimental data and added to a farm simulation model (Integrated Farm System Model, or IFSM) . This new N 2 O module incorporated the best available models that were consistent with our modeling objectives and the current structure of IFSM.
The expanded IFSM was shown to predict N 2 O emissions that were consistent with reported values from specific experiments and previously estimated whole-farm emissions. The model predicted a sensitivity to soil texture and soil water content similar to experimental data and DAYCENT model predictions, which further verified the reasonableness of simulated emissions from this most important component of the N 2 O module.
Incorporation of the N 2 O module with IFSM, along with modules simulating CO 2 and CH 4 emissions, provided a tool for evaluating the overall impact of management scenarios used to reduce GHG emissions. Simulations illustrated the impact of management changes for a representative farm in central Pennsylvania. More efficient use of inorganic N fertilizer by accounting for available manure N reduced net farm emission of GHGs in CO 2 -equivalent units by 1%. Including a mulch cover crop to corn land further reduced N 2 O emission by 34% with a net reduction in net farm GHG emission of 7%. Use of a top-loaded manure storage tank prevented formation of a surface crust, which eliminated storage N 2 O emission with little effect on the net farm emission of all GHGs. Switching the farm from a clay loam soil to a loam soil further reduced N 2 O emissions from cropland by 60% with a 10% decrease in net GHG emission.
